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Abstract. Gamma rays and microwave observations of the Galactic Center and surrounding
areas indicate the presence of anomalous emission, whose origin remains ambiguous. The
possibility of dark matter annihilation explaining both signals through prompt emission at
gamma rays and secondary emission at microwave frequencies from interactions of high-
energy electrons produced in annihilation with the Galactic magnetic fields has attracted
much interest in recent years. We investigate the dark matter interpretation of the Galactic
Center gamma-ray excess by searching for the associated synchrotron emission in the WMAP
and Planck microwave data. Considering various magnetic field and cosmic-ray propagation
models, we predict the synchrotron emission due to dark matter annihilation in our Galaxy,
and compare it with the WMAP and Planck data at 23-70 GHz. In addition to standard
microwave foregrounds, we separately model the microwave counterpart to the Fermi Bubbles
and the signal due to dark matter annihilation, and use component separation techniques
to extract the signal associated with each template from the total emission. We confirm the
presence of the Haze at the level of ≈7% of the total sky intensity at 23 GHz in our chosen
region of interest, with a harder spectrum (I ∼ ν−0.8) than the synchrotron from regular
cosmic-ray electrons. The data do not show a strong preference towards fitting the Haze
by either the Bubbles or dark matter emission only. Inclusion of both components provides
a better fit with a dark matter contribution to the Haze emission of ≈20% at 23 GHz,
however, due to significant uncertainties in foreground modeling, we do not consider this a
clear detection of a dark matter signal. We set robust upper limits on the annihilation cross
section by ignoring foregrounds, and also report best-fit dark matter annihilation parameters
obtained from a complete template analysis. We conclude that the WMAP and Planck data
are consistent with a dark matter interpretation of the gamma-ray excess.
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1 Introduction
The existence of dark matter (DM) has been firmly established by a variety of observations
[1], however its nature remains a compelling mystery. DM is often assumed to be in the
form of Weakly Interacting Massive Particles (WIMPs), which may pair annihilate and/or
decay to produce Standard Model particles. Indirect searches for the detectable products of
DM annihilation and decay, including photons, charged cosmic rays (CRs), and neutrinos,
offer the possibility of detecting this elusive particle and constraining its properties, as well
as determining its spatial distribution. For typical WIMP DM models, the Standard Model
particles immediately resulting from annihilation or decay are in the MeV to TeV energy
range, making gamma rays a particularly promising channel for DM detection.
With the great leap in capabilities for detection of GeV gamma rays provided by the
Fermi Large Area Telescope (LAT) aboard the Fermi Gamma-ray Space Telescope [2], much
progress has been made in indirect searches for gamma rays from DM annihilation and decay.
Analyses of Fermi LAT observations of possible sources of annihilation signals have provided
strong constraints on the WIMP mass and annihilation cross section [3–5]. These studies
probed annihilation cross sections below the canonical value for a thermal relic WIMP DM
particle 〈σv〉 = 3 ·10−26 cm3/s, for WIMP masses below a few tens of GeV for some Standard
Model final states.
The Galactic Center (GC) is expected to be the brightest source in the sky of gamma
rays from DM annihilation due to its large overdensity of DM and its close proximity. In
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recent years, numerous studies have firmly revealed the presence of an excess at GeV energies
over the expected astrophysical gamma-ray emission from the GC and Inner Galaxy that is
consistent with expectations for a DM annihilation signal (e.g., [6–12]). In this work we will
use GC to refer to the dynamical center of the Galaxy, and Inner Galaxy to refer to the region
extending as much as tens of degrees away from the GC. In addition to the DM interpretation,
other explanations considered for this excess include a population of unresolved gamma-ray
millisecond pulsars (MSPs) [9, 11, 13–17] and gamma rays from CRs injected in bursts near
the GC [18–20]. Recent results suggest that the majority of the excess emission arises from
a population of unresolved sources such as MSPs [21, 22], however those sources have not
been identified in multi-wavelength studies (see, e.g., [23]), and there remains some debate
in the community, leaving open the exciting possibility that the excess represents a detection
of DM annihilation.
Multi-wavelength observations can provide critical tests of DM interpretations of high-
energy signals, particularly in a complex environment like the GC. Along with prompt
gamma-ray emission, WIMP annihilation can also inject other energetic particles into the
interstellar medium, including electrons and protons and their antiparticles, which give rise
to lower-energy photons. Protons propagate and participate in hadronic interactions with gas,
yielding neutral pions which produce gamma-ray photons when they decay. Electrons and
positrons (referred as electrons in our paper, since they behave equivalently for our purposes
in producing secondary emission), on the other hand, generate substantial secondary emission
via inverse Compton scattering (ICS) on the interstellar radiation fields, bremsstrahlung on
ionized gas, and synchrotron emission in magnetic fields (MF). DM annihilation in the Inner
Galaxy thus generates associated radiation from radio to gamma rays (with a rather broad
spectrum from each mechanism mentioned above). Thus, to test the DM interpretation
for the GC gamma-ray excess, one may look for the associated lower-frequency emission.
In particular, one can look for the synchrotron emission at microwave frequencies from the
propagation of injected high-energy electrons in Galactic MF.
A similarly intriguing excess over conventional astrophysical models at microwave fre-
quencies was identified several years ago: the WMAP Haze [24, 25]. The WMAP Haze refers
to excess emission in the Inner Galaxy identified in the WMAP data, observed to be ap-
proximately symmetric around the GC, extending tens of degrees away from the GC, and
exhibiting a harder spectral index than expected for synchrotron associated with the Galac-
tic CR population from astrophysical sources. The spectrum of the WMAP Haze suggests
that it originates from a distinct population of high-energy electrons. Initially, secondary
emission from WIMP annihilation was proposed as a possible explanation for the Haze, and
an associated gamma-ray signal was predicted [25].
More recently, a new feature in the gamma-ray sky has been identified: the Fermi
Bubbles [26, 27]. The Bubbles are a bipolar structure centered on the GC and extending
above and below it out to |b| ≈ 50°, and they are clearly visible in the LAT gamma-ray data.
Similar structures had previously been identified in X-ray and 408 MHz radio data [28] as
well as in IR maps [29], and they had been suggested to result from starburst-driven winds
in the GC. Refined observations in microwave with Planck confirmed the presence of the
excess emission previously identified as the Haze in WMAP data, and revealed a correlated
morphology between the Haze and Fermi Bubbles [30]. This indicates a potentially common
origin of these two phenomena. In addition, recent observations of polarized radio emission
with the S-PASS survey at 2.3 GHz revealed that the radio features are also closely aligned
with those observed in gamma rays [31], again pointing to a consistent interpretation (e.g.,
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[32]).
The Bubble-like structures observed over a broad range of energies are now presumed to
be multi-wavelength views of the same phenomenon, and compelling non-exotic explanations
have been put forth (e.g. reverse shocks in the GC’s giant outflows [32]). Moreover, due
to the unique morphology of these structures, it is quite unlikely that they are associated
with DM annihilation. Thus, a search for a DM signal in the WMAP-Planck data requires
an understanding of not only “standard” astrophysical foregrounds but also the microwave
emission associated with the Fermi Bubbles. Despite the presence of the Bubbles in multi-
frequency observations, and its likely presence in the microwave band, it is still possible that
some part of the observed Haze is due to DM annihilation. Throughout this paper, the term
“Haze” will refer to the microwave emission not accounted for by common foregrounds (i.e.
Bubbles and/or DM annihilation), and “Bubbles” will refer to the microwave counterpart of
the Fermi Bubbles.
In this work, we revisit the problem of multi-wavelength DM searches in the Galaxy
using the WMAP-9 and Planck 2013 data sets, focusing on DM models that could explain the
observed GC gamma-ray excess. We calculate the microwave emission associated with WIMP
annihilation in the Galaxy, and test the consistency of that signal with the observations by
performing a complete model-fitting analysis of the WMAP-Planck data. The predicted
microwave emission due to WIMP annihilation is subject to uncertainties in the modeling
of the Galactic environment. In particular, uncertainties in the MF distribution in the
Galaxy and in the propagation parameters for electrons in the interstellar medium can lead
to significant variations in the expected emission. We address these sources of uncertainty by
varying the MF and propagation models in order to understand their impact on our results.
We then compare our models with the data in order to assess the potential contribution of
DM to the total signal.
We adopt two different approaches for model-data comparison: first we assume that
the data only contain noise, CMB fluctuations and DM signal (but no other foregrounds or
Bubbles). This leads to an overestimate of the potential DM contribution which translates to
a conservative but robust upper limit on the DM annihilation cross section. Next, we perform
a component separation procedure based on template fitting, this time also considering all
relevant foregrounds and the Bubbles. In this case, we present the best-fit DM parameters
obtained. With these analyses we aim to address the following issues: i) the nature of the
Haze – whether the data favor (and at what significance) a DM component in the Haze
emission; and ii) the compatibility of WIMP models needed to fit the GC gamma-ray excess
with the microwave data.
We present the DM models and the computation of the microwave emission from DM
annihilation in §2. In §3 we define the two regions of interest (ROIs) we consider, and in §4
we show the predicted DM spectra in the Haze region. §5 is dedicated to conservative WIMP
model constraints obtained from the data when considering CMB and DM emission as the
only contributions, neglecting all other foregrounds. A comprehensive component separation
procedure, which includes models of expected foregrounds, is described along with its results
in §6. We discuss the implications of these findings for DM models and a DM interpretation
of the GC gamma-ray excess in §7.
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2 Microwave emission from DM annihilation
The propagation of high-energy electrons in the Galactic MF gives rise to synchrotron emis-
sion at microwave frequencies. The emission associated with DM annihilation depends on
the spatial distribution of the injection sites, the injected spectrum of these particles, as well
as the Galactic environment.
2.1 DM distribution
The exact DM density distribution in our Galaxy is a matter of active debate. A wide range
of DM density profiles from cored to very cuspy are in agreement with numerical simulations
and observational data (e.g., [33–37]). In this work we restrict our analysis to profile shapes
that have been shown to provide a good fit to the GeV excess in the Inner Galaxy [6–11, 38].
In particular, we adopt for the DM distribution a generalized form of the Navarro-Frenk-
White (NFW) density profile [39]
ρDM(r) =
ρs(
r
rs
)γ (
1 +
(
r
rs
)α)(β−γ)/α , (2.1)
where ρDM(r) is the DM density at radius r from the center of the halo, ρs is a scale density,
rs is a scale radius, and α, β, and γ are shape parameters. We adopt the common convention
to fix α = 1 and β = 3, and allow only the inner profile slope, parametrized by γ, to vary.
Following the results of [6–11, 38], we consider values of γ ranging between 1.1 and 1.3
(considering three discrete values 1.1, 1.2 and 1.3). We adopt rs = 23 kpc and fix the local
density at the solar position to ρDM(r = 8.3 kpc) = 0.34 GeV/cm3 (which are similar to
the values adopted in [6–11, 38]).
The density distribution is indeed highly uncertain in a very close vicinity of the center.
For this reason, authors typically do not extrapolate profiles like Eq. 2.1 down to zero radius
and instead truncate it at some distance rcore leaving the density constant inside rcore. A
natural lower limit on rcore is about the Schwarzschild radius of the central black hole 4.2·10−7
pc. An upper limit allowed by the fit of the gamma excess was found to be ∼ 10 pc [10]. We
computed that the DM emission intensities in our relevant ROIs only vary by about ∼ 1%
when we vary rcore over the mentioned allowed range 4.2 · 10−7 pc . rcore . 10 pc. Hence,
although this parameter is highly uncertain, its specific choice does not matter in our case.
Substructures are also known to play an important role in boosting the luminosity of
a DM halo (see e.g. [40]). We modeled the substructure contribution with a local boost
factor to the annihilation rate everywhere in the Galaxy ξDM(r), taking its radial distance
dependence from Fig. 4 of [40]. We found that substructure increases the signal in our chosen
ROI (discussed in §3) only by ≈ (30−35)%. This is because the majority of our signal comes
from areas close to the GC where, due to tidal disruption, we do not expect a large amount
of substructure.
2.2 Electron injection from DM annihilation
The spectrum of electrons produced by DM annihilation depends on the DM mass and the
branching ratios to different Standard Model final states. We consider DM masses from 7.0
to 52 GeV, broadly motivated by the range of WIMP masses found in prior work to be
able to provide, for some choice of final state(s), a good fit to the spectrum of the observed
gamma-ray excess around the GC.
– 4 –
Also in line with much prior work on the gamma-ray excess, in this work we consider two
benchmark annihilation channels: bb¯ and τ+τ−. The former represents a typical hadronic
channel which yields a soft spectrum of injected electrons, while the latter is a leptonic
channel that produces more electrons with a harder spectrum. We take the yields of electrons
from WIMP annihilation from the PPPC4DMID package [41, 42] (including electroweak
corrections; see, e.g. [43]).
2.3 Magnetic field distribution
Synchrotron emission depends crucially on the MF distribution in the Galaxy. Although
sophisticated MF configurations are possible (see, e.g., [44]), for the sake of simplicity we
model the MF with an axisymmetric distribution, as also adopted in earlier works, e.g.
[45, 46]:
B(R, z) = B0 exp(−(R−R)/RB − |z|/zB), (2.2)
where R and z represent radial-in-plane and plane-orthogonal distances in the Galaxy, re-
spectively.
The parameter B0 in Eq. 2.2 represents the total MF value at the Solar location and is
taken to be 6 µG following [47]. The radial scale RB in Eq. 2.2 naturally sets the central field
value and is more uncertain. On this point, we rely on the lower limit B(0, 0) = 50 µG derived
in [48] as our preferred choice. This sets the respective RB = 4.0 kpc, which we consider
to be the most realistic value. However, we also compute our results for B(0, 0) = 100 µG
as a limiting case which would produce higher DM emission. Such high central MF values
are encountered in the literature [49]. However, the field would reach these values only very
close to the GC (within ∼ 0.2 kpc), and in that case the field radial dependence in Eq. 2.2
might not be steep enough to produce the proper field attenuation at larger radii. For this
reason, we consider the B(0, 0) = 100 µG (with respective RB = 3.0 kpc) configuration to
be generally less realistic.
The zB parameter in Eq. 2.2 sets the vertical characteristic scale of the MF, which is
also somewhat uncertain. Various studies of the MF distribution in the Milky Way and other
similar galaxies (e.g. [50–52]) estimate zB to be robustly constrained in the range ≈ (1− 10)
kpc with a characteristic “average” value of 4-6 kpc. At the same time, zB is naturally linked
to the CR propagation parameters (discussed in §2.5), as the MF is the driving reason for CR
diffusion, and where the MF is small or null CR can freely propagate. We therefore expect
the MF spatial extent zB to be comparable to the spatial extent of the diffusion region,
parametrized by h (the vertical half-height of the diffusion zone). Proportionality between
these two parameters was employed in multiple earlier works to estimate zB (e.g. [46, 47]).
We follow this approach and, similarly to [47], we compute all our results for two values of
zB: zB = δ · h and zB = 0.5 · h. The parameter δ denotes the spectral slope of the spatial
diffusion coefficient (described below).
2.4 CR propagation using GALPROP
We computed all-sky intensity maps of the synchrotron emission from DM annihilation using
the GALPROP package [53]. GALPROP is a sophisticated code designed to compute CR
propagation in the Milky Way. It solves the transport equation in its most general version for
a given distribution of CR sources in 2 or 3 spatial + time + particle momenta dimensions.
It also incorporates detailed knowledge about the Galaxy such as the neutral and ionized
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gas distributions, interstellar radiation field, and astrophysical CR sources. Moreover, GAL-
PROP is able to compute all sky maps of secondary emission from CRs resulting from a
variety of processes, including synchrotron emission.
We employed GALPROP v54r2423 to model the propagation of electrons from DM an-
nihilation in the Galaxy. Specifically, GALPROP was used to numerically solve the following
transport equation:
∂n
∂t
= q(r, p) +Dxx(p)∇2n+ ∂
∂p
p2Dpp(p)
∂
∂p
1
p2
n− ∂
∂p
(p˙n), (2.3)
where p is the electron momentum and n ≡ n(~r, p, t) is the electron concentration per unit
momentum range everywhere in the Galaxy. GALPROP solves Eq. 2.3 in time until a
stationary solution n(~r, p, t)→ n(~r, p) is achieved.
The various terms in Eq. 2.3 are defined as follows:
• q(r, p) represents the spherically symmetric source term, which defines the electron
production rate per unit volume per unit momentum range. The current public version
of GALPROP does not offer the option to include a DM annihilation source. For this
reason, we modified the source code to introduce a DM source of CRs, by injecting CRs
according to the following equation:
q(r, p) =
1
2
〈σv〉
(
ρDM(r)
mχ
)2
ξDM(r)
dNe
dp
(p), (2.4)
where 〈σv〉 denotes the WIMP annihilation cross section, ρDM(r) is the DM density
distribution defined by Eq. 2.1, mχ is the WIMP mass, ξDM(r) is the DM annihila-
tion rate boost factor due to substructures taken from [40], and dNedp (p) represents the
energy spectrum of electrons per annihilation (from the PPPC4DMID package [42]).
As the standard astrophysical foregrounds are accounted for in our analysis using ex-
isting templates for microwave data analysis described in §6, we do not include any
astrophysical (non-DM) sources of CRs in the GALPROP model.
• Dxx(p) is the spatial diffusion coefficient (assumed to be isotropic and spatially-independent):
Dxx(p) = D0
(
p
p0
)δ
, (2.5)
where p0 is set to the constant value 1 GeV/c (e.g., [47]). The choice of D0 and δ
constants is explained below.
• Dpp(p) is the electron reacceleration coefficient. Particle reacceleration in the inter-
stellar medium happens due to interactions with MHD waves. Dpp(p) is defined here
through the spatial diffusion coefficient (Eq. 2.5), see [54] for further details:
Dpp(p)Dxx(p) =
4p2v2a
3δ(4− δ2)(4− δ)w, (2.6)
where va is the Alfven speed in the media and w is the ratio of MHD waves energy
density to MF energy density, assumed to be 1 in GALPROP.
– 6 –
Table 1. Diffusion parameter values for the electron propagation (which enter Eqs. 2.3–2.6) and MF
vertical scale heights (which enter Eq. 2.2) used in our work.
Parameter MED MAX Reacc
Half-height of the diffusion box h, kpc 4.0 15 5.4
Diffusion coefficient normalization D0, cm
2/s 3.4 · 1027 2.3 · 1028 5.4 · 1028
Diffusion coefficient energy dependence power δ 0.70 0.46 0.31
Alfven speed in the intragalactic media va, km/s 0 0 38
MF vertical scale height, version 1 zB1 = δ · h, kpc 2.8 6.9 1.7
MF vertical scale height, version 2 zB2 = 0.5 · h, kpc 2.0 - 2.7
• p˙ ≡ dp/dt is the electron momentum loss rate due to various cooling processes: syn-
chrotron radiation (computed using the MF distribution Eq. 2.2), emission from ICS
on the interstellar radiation field (composed by starlight, CMB, and dust emission pho-
tons), bremsstrahlung radiation on ionized gas, and others. We refer to reader to [53]
for further details.
We run the version of GALPROP that is implemented in 3 spatial dimensions. For the
spatial dimensions we choose a resolution of 200 pc, which is sufficient for our purposes as our
region of interest is somewhat far from the GC and therefore large variations in emissivity
are not expected within this box size. Reducing the box size to 100 pc varies the emission
by ≈ (1 − 10)%, at the cost of highly increasing computing time. Our implementation of
the DM source in GALPROP was validated by comparison with similar calculations in the
literature that were obtained by a variety of methods [45, 47, 55]. Our GALPROP version
with DM can be downloaded for a public use at [56].
2.5 Diffusion model
For the choice of the propagation parameters in Eqs. 2.3–2.6, to begin we followed the canon-
ical MIN/MED/MAX paradigm which has been used extensively in earlier works (see, e.g.,
[41, 46, 47]). These three diffusion parameter configurations were derived from various CR
data sets. MED is an average “best-fit” configuration, while MIN and MAX are intended
to represent possible extremes. Because recent CR data seem to reliably exclude the MIN
model [57], we discarded this case and considered instead a newly proposed model derived
in [58], which includes CR reacceleration effects in the fit. Specifically, we used the posterior
mean parameter values from Table 2 of [58].
Recalling that we consider two values for the MF vertical scale height zB (referred to as
zB1 and zB2), which is related to h, we now define combined MF and propagation models. In
principle we would consider both values of zB with the three propagation models described
above, however we discovered empirically that the intensity for the two zB values is very
similar for the MAX propagation configuration, and so we use only the zB1 case with the
MAX model. This results in five zB/propagation models. Table 1 summarizes the parameter
values for these five configurations.
For each of these five models, we consider the two central MF values mentioned pre-
viously, for a total of ten MF/propagation models. These are meant to represent current
systematic uncertainties on this aspect of the analysis. For each of these models, we calcu-
late the emission from each of the DM models described in §2.1 and §2.2. In §2.6 we show
the dependence of the DM emission intensity on the MF and propagation configuration.
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§2.3 described the vertical sizes of the rectangular 3D diffusion box; for the horizontal
size, we set the box edges to be +/−15 kpc along both x- and y-axes to approximately
enclose the Galactic disc (see e.g. [47]). Boundary conditions were set to the free escape
mode. For the energy boundaries, we take 0.01 to 200 GeV. The lower boundary is mainly
defined by the fact that the electrons with smaller energies have no contribution to the
synchrotron radiation at the frequencies of interest. The upper boundary has to contain the
most energetic electrons produced by our DM source. One might naively assume that they
would approximately correspond to the largest DM particle rest mass involved (∼ 50 GeV),
however particle reacceleration (as in our Reacc model) can in principle raise the electron
energies much beyond mχc
2. We empirically found that 200 GeV is an effective upper limit
on the energies the electrons attain in our cases.
Further details on all parameters we adopted in the GALPROP runs can be requested
from the authors.
2.6 DM emission maps
We implemented the modeling described in the previous sections in GALPROP and produced
multi-frequency maps for all DM models needed to cover the parameter space. In total, we
computed 300 parameter configurations, which are constituted by 5 different WIMP masses
over the range of interest (we interpolated our results between the computed points), 2
annihilation channels (bb¯, τ+τ−), 3 profile slopes (see §2.1), and 10 MF/propagation models
(see §2.3 and §2.5). The maps have a resolution of ≈ 0.5° (HEALPix [59] resolution Nside =
128) and are produced at the WMAP and Planck frequencies of 23, 28, 33, 41, 44, 61, and
70 GHz.
Fig. 1, top left panel, shows the DM intensity map for the reference model of the data
(“REF”); this is also the best-fit configuration found in §6. The figure shows an intensity
distribution around the GC that is highly concentrated, spanning six orders of magnitude be-
tween the center and anti-center. The other panels of Fig. 1 show examples of the dependence
of the emission on various parameters in terms of the ratio to the REF case.
We comment now on some general features. The difference between the maps typically
grows with distance from the GC. This is seen when changing the DM particle mass (top
right), and also interestingly, for the frequency dependence (middle row, left). However the
steeper DM density profile map (γ = 1.3 vs γ = 1.1 for the REF model) differs noticeably
only very close to the GC (middle row, right); this indicates that the profile slope does not
have an important impact on the emission at higher Galactic latitudes. The bb¯ annihilation
channel produces significantly smaller intensities than τ+τ− one, everywhere on the sky, as
expected (bottom left). A more conservative MF/propagation model (bottom right) differs
non-trivially from the REF model: the intensity is much smaller around the center and
much larger around the anti-center. This can be primarily attributed to an overall smaller
MF, which generates weaker synchrotron around the GC and cools electrons less efficiently,
allowing them to diffuse further while still emitting.
3 Regions of interest on the sky
For each of the two approaches to testing a DM contribution to the data, we selected a
ROI in the sky on which to perform the analysis. For the first approach, in which we
derive conservative limits by assuming the total data is composed of only the CMB and a
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Figure 1. (COLOR ONLINE FOR ALL FIGURES) Examples of DM emission intensity maps in
Galactic coordinates, at the frequencies indicated. The top left map represents a reference DM
parameter configuration (“REF”). Specific parameters of the configuration are given above the map.
Other maps show the difference with respect to the REF map when the model parameters are changed
as noted. The difference is shown as the ratio Ix(b, l)/IREF(b, l), where Ix is the intensity of the map
with one of parameters being changed and IREF is the intensity of the REF map. To illustrate
dependence on MF/propagation we changed the relevant parameters. For more details see §2.6.
DM component, we chose a ROI inside which we compute the average intensity at every
frequency, to be compared to the analogous quantity as derived from DM maps.
The ROI choice was based on the Planck collaboration’s study of the Haze [30], and
consists of a rectangular area in Galactic coordinates −35° ≤ b ≤ −10°, |l| ≤ 35°. This
choice is well-motivated for a DM search, since that ROI is sufficiently far from the bright
foreground emission in the Galactic plane but still in a region where the DM emission is
relatively strong. We also masked bright compact sources inside the ROI using the product
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Figure 2. Left: Our ROI with masked compact sources chosen to produce the conservative DM
constraints with CMB subtraction only. It was constructed as the rectangle −35° ≤ b ≤ −10°,
|l| ≤ 35°. Right: Our ROI with masked compact sources chosen for the regional fitting in the
component separation procedure (see more in §6). Before point source masking it was constructed as
a half-disc of 60° radius around GC, with very bright areas around the Galactic plane also masked.
This ROI is also used in the presentation of example DM emission spectra in §4.
of the WMAP and Planck source masks for each channel, smoothed to 1° [60, 61]. Our final
ROI for the conservative analysis is shown in Fig. 2 (left panel).
For the component separation analysis in which we determine the contribution to the
data from DM by modeling Galactic foregrounds and the Bubbles, we adopt a slightly dif-
ferent ROI. The ROI for this analysis is shown in right panel of Fig. 2. It is a 60° semi-disc
centered on the GC, with bright compact sources masked as in the first ROI, and also strong
Galactic plane emission masked [60]. The choice of 60° addresses additional challenges for
this approach, namely avoiding strong foreground degeneracies due to using too small an
area while still selecting an area in which each foreground has a spatially-uniform frequency
dependence and including the relevant Haze emission.
4 DM microwave spectra in the Haze region
Considering the ROIs we have defined, it is useful to examine the frequency dependence of
the DM component from our simulated maps. For this purpose, we consider the larger ROI
used later in the component fitting analysis in §6, shown in the right panel of Fig. 2. Inside
this ROI we average the DM intensity and plot it versus frequency of emission in Fig. 3. In
general a simple power law is not sufficient to describe the spectra, as a mild spectral index
evolution is observed within the frequency range considered. Intensities for the τ+τ− channel
are typically five to ten times larger than those for bb¯, for the same WIMP mass, density
profile and MF/propagation model.
In addition to the amplitude of the emission, the slope of the spectrum strongly depends
on the DM particle mass. Approximating the spectra by a simple power law I ∼ νβ, we
found that for the bb¯ case β grows with mass over the range −3.3 . β . −1.6. For τ+τ−
the variation is even slightly larger: −3.2 . β . −1.2. Essentially no dependence of the
intensity or slope on the inner profile slope γ is observed, as expected from inspecting the
relevant maps in Fig. 1.
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Figure 3. (preceding page) Dependence of the DM emission spectrum on various model parameters.
The ROI over which the DM intensity was averaged is shown in the right panel of Fig. 2. Left
column in this Figure represents the bb¯ annihilation channel, while the right column shows results
for the τ+τ− channel. The annihilation cross section 〈σv〉 = 3 · 10−26 cm3/s in all panels. Points
were calculated from the DM maps at each frequency and then interpolated. The first row shows the
spectral dependence on the DM mass, the second row shows the dependence on the inner profile slope
γ, and the third row shows the dependence on the MF and propagation model.
As for the MF and propagation model, higher MFs produce larger intensities. The
spectral slope seems to be largely independent of the MF and propagation models, however
the overall amplitude strongly depends on the propagation model, varying by up to one
order of magnitude. As expected, configurations with higher vertical MF extent zB produce
larger emission. For the same B(0, 0) and zB, models with reacceleration generate slightly
larger intensities than those without reacceleration. Such inferences about DM spectra have
interesting implications for a comparison with real sky data. In particular, the Planck team
claimed in [30] that the average spectral index of synchrotron emission from electrons from
Galactic astrophysical sources is ≈ −1.1. The anomalous microwave excess around GC, on
the other hand, has a very different index ≈ −0.6. This is one of the main motivations for
the suggestion that the Haze comes from a distinct population of electrons, such as from DM
annihilation. Comparing the DM indexes estimated above with the ones derived for the Haze
and the synchrotron component of the WMAP and Planck data, we notice that while DM is
able to generate an arbitrary amplitude for the intensity, the spectrum of the emission has a
limited range of slopes (at least for DM masses of interest). Therefore, the DM component
is only marginally able to mimic / contribute to regular synchrotron (for the largest WIMP
masses considered), and at the same time its spectrum is too steep to fit the excess, which
has β ≈ −0.6. These simple considerations suggest that, even in the case that a DM signal
is present, it is likely that another mechanism contributes the majority of the Haze signal.
This was one of the motivations for us to include a possible counterpart of the Fermi Bubbles
in the component separation procedure presented in §6 too. Indeed, higher WIMP masses
∼ 100 GeV may potentially provide the spectral slopes needed for the Haze. However, in
this work we intentionally restricted our analysis to only those DM models which fit the
gamma-ray excess.
5 Conservative constraints on DM annihilation
In this section we present conservative DM constraints derived from the Planck sky maps
when the emission is assumed to be composed only of CMB emission and DM emission,
with no other foregrounds considered. Since the intensity of the DM emission is linearly
proportional to the annihilation cross section 〈σv〉, an upper limit on the total observed non-
CMB emission at a given frequency can be directly converted into an upper limit on 〈σv〉
for all WIMP masses of interest. In performing this estimate, we consider only the CMB
emission as it is very bright and well characterized and thus very simple to model extremely
accurately.
For this analysis, we chose to use Planck Low Frequency Instrument (LFI) channels
only (28, 44 and 70 GHz) as the Planck noise level is far superior to that of WMAP while
the frequency range covered is comparable.
The Planck 2013 maps that have been released have the monopole and dipole largely
subtracted, but, after careful component separation, an estimate of the residual monopole
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Table 2. Average intensities in our ROI from the Planck LFI temperature maps and their associated
uncertainties (all in units of erg/(cm2 s sr Hz), converted from CMB temperature units using: ∆I(ν) =
∂Bbb(ν,T )
∂T
∣∣∣
T=2.726K
∆T (ν)). These were used to derive the intensity upper limits from the data for
the subsequent derivation of DM constraints. See §5 for more details.
Map 28 GHz 44 GHz 70 GHz
Nominal Planck LFI maps 3.69 · 10−20 2.38 · 10−20 3.79 · 10−20
Maps after residual monopole subtraction 3.50 · 10−20 2.27 · 10−20 1.79 · 10−20
Maps after residual mono/dipole subtraction 3.64 · 10−20 2.27 · 10−20 1.79 · 10−20
Standard deviation of residual monopole 4.72 · 10−22 5.66 · 10−22 1.33 · 10−21
Standard deviation of residual dipole 6.17 · 10−22 0 0
Standard deviation of CMB fluctuations 6.00 · 10−21 1.44 · 10−20 3.37 · 10−20
Total standard deviation 6.05 · 10−21 1.44 · 10−20 3.38 · 10−20
and dipole in the maps was made and published by the Planck team. These residual values
with their errors are shown in Table 2 of [62]. We performed subtraction of the quoted
residual monopole and dipole values from all three Planck LFI channels. We then computed
the average intensities in each frequency map. The impact of subtracting residual monopole
and dipole on the average intensity is shown in Table 2. The first line of this table shows the
average intensity inside our ROI from Fig. 2 (left panel) without any map processing. The
second and third lines of Table 2 show the ROI intensities after subtraction of the residual
monopole and monopole+dipole respectively. These have a significant impact on the 70 GHz
channel in particular, where the intensity decreases by about a factor of two.
Once the monopole and dipole were subtracted and the average intensities in the ROI
were computed, we proceeded to estimate uncertainties due to Planck noise, errors in the
residual monopole and dipole, and CMB fluctuations. The instrumental noise level was
estimated using the maps provided as a part of the Planck data products, and it was found
to be largely subdominant compared to the other uncertainties. The monopole and dipole
uncertainties were taken from Table 2 of [62] and assumed to be the standard deviations
of respective Gaussian distributions. Numerical values for the monopole and dipole “noise”
(denoted σmonν , σ
dip
ν ) are shown in the fourth and fifth line respectively of Table 2. The
dipole-induced uncertainty slightly exceeds the monopole uncertainty for 28 GHz and does
not exist for other channels by construction as it was not modeled in the Planck team fitting.
The most important contribution to the intensity uncertainty comes from the CMB
temperature fluctuations, which we take to be an unknown realization of the underlying
cosmological model, in our specific ROI. Here we aim at deriving the standard deviation
σCMBν of the mean ROI intensity I = 1/n
n∑
i=1
Ti, where n = 6427 denotes the number of map
pixels in our ROI at our resolution and Ti is the intensity (or, equivalently, thermodynamic
temperature) value in each pixel i.
The variance of I was calculated as follows:
〈(I−〈I〉)2〉 = 〈I2〉 = 〈 1
n2
n∑
i=1
Ti
n∑
j=1
Tj〉 = 1
n2
n∑
i,j=1
〈TiTj〉 = 1
n2
n∑
i,j=1
∑
l
2l + 1
4pi
ClB
2
lW
2
l Pl(cos θij).
(5.1)
Here the brackets 〈〉 mean averaging effectively over all possible realizations of the underlying
cosmological model in an area that matches our ROI. When considering CMB fluctuations,
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〈I〉 = 0. The well-known expression for 〈TiTj〉 in terms of the CMB power spectrum Cl can
be found in, e.g., Eq. (18.29) in [63].
The beam Bl and pixel window function Wl in Eq. 5.1 account for the smoothing
procedure we applied to the data (we smoothed the Planck maps down to 1° convolving
them with a 2D Gaussian function) and map pixel size (∼ 0.5° in our case). Pl(x) denotes
the Legendre polynomials of order l and θij the angular distance between the i’th and j’th
pixels. The standard deviation given by Eq. 5.1 was computed using the HEALPix tools
[59] and summing from l = 2 to lmax = 60; it was found to be 25.4 µKCMB (identical
for all frequencies). As input Cl’s we used the power spectrum theoretically derived from
the conventional best-fit ΛCDM model [64]. Specifically, we took numerical values of Cl’s
from the “Ancillary Data” section of [65] and the Planck+WP+highL+lensing parameter set
there. The σCMBν values are shown in the sixth line of Table 2.
The three sources of noise described above are uncorrelated, so the total noise is the
sum in quadrature of σmonν , σ
dip
ν , and σCMBν . Numerical values are shown in the last line of
Table 2, where we see that the CMB fluctuations contribution completely dominates over the
others. Regarding the signal to noise ratio, the CMB noise is at the level ≈ 20% with respect
to the mean intensity at 28 GHz, but it increases fast with frequency, and at 70 GHz it
already exceeds the mean signal. We compute the 95% confidence level (CL) limit by setting
Iν + 1.64σν as the upper limit at each frequency. This chosen cut corresponds to the 95%
upper limit for a one-dimensional Gaussian distribution. Our choice is justified by the fact
that the main source of noise is CMB fluctuations, which are correlated between frequency
channels.
After setting Iν +1.64σν as the intensity upper limit, we required that the DM emission
intensity in our ROI should not exceed these limits in any of the frequency channels. Since
the DM intensity is proportional to 〈σv〉, this requirement translates to an upper limit for
the cross section, which we display in Fig. 4. In general, our exclusion curves are quite far
from the canonical thermal relic cross section 〈σv〉 = 3 · 10−26 cm3/s (red dashed line) for all
considered configurations. The best constraint among all is 〈σv〉 . 2 · 10−25 cm3/s. No clear
dependence of the exclusions on the profile slope γ is apparent. However, the dependence
on the annihilation channel is quite strong: constraints for τ+τ− are & 3 times stronger
than for bb¯ for the same MF/propagation models. Also the τ+τ− channel forms a slightly
narrower band of exclusion lines. Increases in both zB and B(0, 0) values strengthen the
constraints. All these parameter dependencies are indeed in agreement with those for DM
intensities, which were described in §4. The most pessimistic constraints are typically realized
by the Reacc zB1 B(0, 0) = 50 µG configuration, while the most optimistic ones by MAX
B(0, 0) = 100 µG. The more moderate configuration is Reacc zB2 B(0, 0) = 50 µG, which
we set as our representative constraint (shown by the blue solid line in Figs. 3, 4 and 9).
For this we chose the B(0, 0) = 50 µG case rather than B(0, 0) = 100 µG due to the MF
considerations explained in §2.3. Note also that the fiducial configuration corresponds to the
Reacc diffusion model, which is expected to be newest and most accurate among all three
considered.
Along with our exclusion lines, Fig. 4 shows the parameter regions at 95% CL (unless
stated otherwise), which are required to fit the GC gamma-ray excess by WIMP annihilation;
see figure caption for details. In general, there is a good agreement between the parameter
regions derived in independent studies for the same channel and profile slope pairs.
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Figure 4. (preceding page) DM constraints derived at 95% CL resulting from the Planck temperature
maps with subtraction of the CMB emission only for various DM/MF/propagation models (〈σv〉
above the lines are excluded). The red dashed horizontal line indicates the thermal relic cross section
〈σv〉 = 3 ·10−26 cm3/s. Besides exclusion curves we also show here WIMP parameter regions (at 95%
CL unless stated otherwise) needed to fit the GC gamma-ray excess. The brown region for the case
χχ→ bb¯; γ = 1.2 was derived in the work [9], the orange ones for χχ→ bb¯ in [10], the green ones for
γ = 1.1 in [11] (68% CL regions), and the purple ones for γ = 1.3 in [38]. For the optimistic high MF
models with B(0, 0) = 100 µG, only three exclusion curves out of five computed in total are shown.
The two curves not shown lie inside the other curves. More details are in §5.
While all these works only include DM prompt gamma rays in the fit, [66] showed that
including secondary gammas from ICS and bremsstrahlung from DM leptons marginally
changes the result (their signal region, derived for the configuration χχ → bb¯; γ = 1.2, is
almost completely inside the brown region shown). Therefore, overall our constraints on the
cross section show no tension with the signal regions derived from gamma-ray data analyses
of the excess.
An alternative way to account for CMB fluctuations in the emission map is to subtract at
every frequency the reconstructed CMB fluctuation map as provided by the Planck team (see
“all-sky-maps” folder at [65]). This map is the result of the emission component separation
procedure performed by the team and reflects the most up-to-date knowledge of the actual
realization of CMB fluctuation field. We attempted this strategy and found a relatively
minor improvement in our derived constraints of ≈ 16%. Although more stringent, these
constraints depend on the specific component separation procedure adopted to derive the
map, and therefore we opted instead to show the results from the procedure described earlier
in this section.
The DM limits described in this section are relatively weak, however we expect that
foregrounds other than the CMB play a potentially important role in this region of the sky:
dust, free-free from ionized hydrogen, synchrotron from regular CRs and the Bubbles. In
the following section we perform a full component separation analysis to more accurately
characterize a possible DM contribution.
6 DM constraints from a component separation approach
6.1 The WMAP-Planck Haze: history
A mysterious microwave excess above the canonical astrophysical foregrounds was first re-
ported with the first WMAP data release [24], and was later interpreted as a possible signal
of DM annihilation [25]. Further WMAP-based studies confirmed the existence of the Haze
and characterized it in detail [67–69]. The most recent and comprehensive Haze study was
performed after the Planck data releases in [30]. This work combined WMAP-9 and Planck
data to separate out the Haze emission at 6 frequencies via frequency-by-frequency template
fitting. The results showed the Haze properties to be highly consistent between the two data
sets. This can be seen in Fig. 8 in [30], where the derived Haze spectrum is presented. As
we already mentioned, those authors claimed that the Haze spectrum I ∼ ν−0.56 is indeed
significantly harder than the usual synchrotron I ∼ ν−1.1, which suggests the origin to be
from a distinct population of electrons. The overall amplitude of the Haze emission was
found to constitute ≈ 33% of the total synchrotron and ≈ 23% of the total Galactic emission
at 23 GHz in the relevant region (Fig. 2, left). Figs. 9-10 in [30] show the Haze morphology,
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which appears to be consistent with that of the Fermi Bubbles. This fact and other consid-
erations (see, e.g., [32]), led the community to favor a scenario where the Haze is simply the
microwave counterpart of the Fermi Bubbles.
The DM and the Bubbles interpretation of the Haze are in fact not mutually exclusive,
and thus it is necessary to consider both in the analysis. In what follows, we will investigate
whether the data are best fit with one of these components at a time, or both together. In
this part of the analysis, we will adopt the ROI shown in the right panel of Fig. 2 for the
component separation analysis.
6.2 Methodology
Our procedure relies on template fitting, which is described by the following equation:
d(ν, b, l) =
∑
i
ai(ν)ti(ν, b, l) + r(ν, b, l), (6.1)
where d(ν, b, l) is the data map at frequency ν in a pixel with coordinates (b, l); ti(ν, b, l)
is an assumed template intensity of the i-th component; r(ν, b, l) are residuals; ai(ν) is a
dimensionless amplitude of the i-th component, which is determined by the fitting. As for
the sky maps d(ν, b, l), we used four WMAP channels: 23, 33, 41, 61 GHz (K, Ka, Q, and V
bands from [70]) and three Planck LFI channels: 28, 44, 70 GHz from [65]. In contrast to
[30], we also include in the fit the 70 GHz frequency channel, which provides further leverage
for DM fitting and allows a better investigation of the frequency dependence of foregrounds.
In addition to DM, we included in the fit as foregrounds: dust, free-free, synchrotron
and the Bubbles. A monopole and dipole component, as well as the CMB, are initially fit
to the whole sky map, and removed from the data, so there is no monopole, dipole, or CMB
fitting performed in the chosen ROI. As described in §2, the DM emission modeling predicts
a specific emission at each frequency, therefore the DM has only one free parameter, namely
an overall amplitude aDM , which sets the annihilation cross section value required by the fit.
We ran the fitting procedure separately for each DM/MF/propagation model. We assume
spatially-constant power laws for all Galactic foregrounds. This means that the templates are
rescaled by a single number, ai(ν), in the ROI at every frequency independently. Therefore,
unlike for the DM component, we do not impose a frequency dependence to foregrounds in
the fit. We compute it, however, a posteriori.
The data at 23 GHz and the foreground templates are shown in Fig. 5. Note that our
units can be converted into thermodynamic units: 10−20 erg/(s cm2 Hz sr) ≈ 62 µKCMB at
23 GHz at temperatures of interest. For the CMB template we employed the Internal Linear
Combination from Planck HFI channels (weights were derived from one single region, outside
of the type-III Planck 2013 CO-based mask [71]). The reason for this choice rather than the
Planck official map (SMICA) is that we wanted to avoid any of the LFI channels contributing
to the CMB solution in order to avoid any circularity in the fit. The Galactic dust emission
map is described in [72, 73]. Free-free emission naturally correlates with Hα, which provides
an estimate of its morphology [74]. The synchrotron from conventional astrophysical CRs is
assumed to have a similar morphology at radio and microwave frequencies (which is essentially
equivalent to an assumption of constant spectral index across the sky). This allows us to
use the canonical Haslam 408 MHz map as the synchrotron template [75]. Finally for the
Bubbles we adopted the elliptical Gaussian template (with σl = 15° and σb = 25°) proposed
by [30] for the Haze emission, which was suggested to be suitable for the Fermi Bubbles
counterpart.
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Figure 5. Data (total observed intensity at 23 GHz, top left panel) and templates (all other pan-
els) used in the analysis. Morphology of all components except DM was assumed to be frequency-
independent. Normalization of each template corresponds to that of the best-fit model at 23 GHz.
The bottom panels show the best-fit and worst-fit DM sky maps among all the models considered.
See more details in §6.2.
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Indeed an exact Bubbles morphology is not known and may be quite complicated with
both vertical and horizontal asymmetries (see, e.g., [31] for the morphology in radio). Our
choice has the advantage of allowing comparison of our results with existing results in the
literature (see [30] and references therein).
Additional foreground components could also be considered. For example, the authors
of [30] also introduced a “disc” component (an elliptical Gaussian with σl = 20° and σb = 5°)
to account for a potential difference in the synchrotron morphology between 408 MHz and
the typical CMB frequency range. This was intended to account for the energy dependence of
the electron propagation length. Our attempt to add such component to the fitting provided
unphysical results. Also, considering the relatively minor importance of the disc reported in
[30], we decided not to include any further correction to the synchrotron emission in our final
procedure.
The fitting procedure determines the amplitudes ai(ν) by minimizing the residuals
r(ν, b, l) in Eq. 6.1. They are the solution of the following set of equations:
∂χ2
∂ai(ν)
= 0. (6.2)
If the sky model only included free amplitudes for each component at each frequency, the
solution of the linear system Eq. 6.2 would be:
a(ν) = T−1Bν (6.3)
∆a(ν)2 = diag
1
2
T−1 (6.4)
where Bν = (d(ν, b, l)/σ(ν, b, l)) ·(t(b, l)/σ(ν, b, l)) and Tij = ti(b, l)/σ(ν, b, l) ·tj(b, l)/σ(ν, b, l).
However, our DM modeling couples all frequencies so that we have to resort to a Markov-
Chain procedure to find the values and errors for ai(ν).
Modeling foregrounds by means of templates and assuming spatially-constant spectral
indexes across the whole sky is a very crude approximation. Moreover, we expect the DM
signal to be prominent near the GC but not everywhere. On the other hand, a residual
monopole and dipole might be present in the WMAP and Planck maps, as well as in the
templates, as result of the map-making and calibration procedures, and on small areas of the
sky these components are not properly fit.
For these reasons, we decided to perform the fit in two steps. First, we fit the data
masking the Galactic plane and bright sources with a mask very similar to the one used by
[30], and obtained the template amplitudes at all frequencies; we did not include the DM in
this nearly full-sky fit. We then subtracted the CMB and monopole and dipole from the data
and solved for the dust, free-free, synchrotron, Bubbles, and DM amplitudes in the larger
ROI (right panel of Fig. 2).
In order to determine the best-fitting DM/foreground amplitudes in our chosen ROI,
we ran our own Markov Chain Monte Carlo (MCMC) sampler to study the multi-parameter
likelihood, which is assumed to be:
L ∼ exp(−0.5χ2), χ2 =
7∑
j=1
n2∑
i=1
r2ij
σ2ij
, (6.5)
where rij is the residual in pixel i at frequency channel j according to Eq. 6.1, σij are map
noise, and the summation runs over all seven frequencies and all n2 = 15481 pixels in our
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Table 3. All parameter values for the best-fitting (BF, the first row) and worst-fitting (WF, the
second row) DM/MF/propagation models. Lower rows illustrate the fit quality for other models,
which differ from the BF model by one or two parameters indicated in the respective columns.
Mo-
del/
χ2r
Cross
section 〈σv〉
[cm3/s]
Mass
mχ
[GeV]
Chan-
nel
Profile
slope γ
Central MF
B(0, 0) [µG]
Vertical MF
scale zB
[kpc]
Diffu-
sion
model
BF/
6.87
1.6 · 10−26 7.0 τ+τ− 1.1 100 6.9 MAX
WF/
7.03
1.1 · 10−24 7.0 bb¯ 1.1 50 1.7 Reacc
6.92 1.9 · 10−26 19
6.99 4.7 · 10−26 52
6.91 1.3 · 10−25 bb¯
6.89 9.2 · 10−27 1.3
6.89 2.9 · 10−26 50
6.91 1.8 · 10−26 2.7 Reacc
6.89 6.3 · 10−26 19 bb¯
6.92 8.8 · 10−26 52 bb¯
ROI. The reduced χ2 (χ2r ), is computed dividing the full χ
2 in Eq. 6.5 by the number of
degrees of freedom Ndof = 7 · n2 − 7 · 4− 1 = 108338.
Eq. 6.5 implicitly assumes that the noise in each pixel is uncorrelated. In fact, noise cor-
relations are expected because of the spacecraft scanning strategy and the adopted smoothing
procedure. Despite being sub-optimal, this procedure is commonly used (e.g., [30]) because
of the difficulty to treat the full complexity of the noise at intermediate and high resolution.
The noise maps were computed as the standard deviation of full resolution Gaussian noise
realizations, smoothed to one degree and downgraded to Nside = 128 (to match the DM
template). The RMS maps derived were further rescaled to match the noise power spectrum
level of the full-resolution smoothed maps. We did not put any prior on the amplitudes,
aside from imposing that they should be positive.
6.3 Fitting results
We ran the MCMC fit for our grid of DM/MF/propagation models and obtained χ2r for
each of them. Overall the quality of the fit is quite poor, with a χ2r ranging between 6.87
and 7.03. This is simply a confirmation of the challenge that the component separation
poses, the limitations we face with the current, non-Planck-based foreground templates, and
the simplicity of template fitting. As a result, the χ2r difference cannot be considered as a
powerful discriminant between models. Nonetheless, we can rank the models based on their
likelihood and draw conclusions. The parameter values of the best-fitting (BF) and worst-
fitting (WF) configurations are presented in Table 3. This table also shows for an illustration
the fit quality of the other representative DM/MF/propagation models, which differ from
the BF model by one or two parameters.
While overall the poor χ2r values indicate a poor fit, it is sensible to ask whether the
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Table 4. Effects of addition of the Bubbles and DM on the quality of the fit. The BF DM model shown
is described in Table 3. The second column shows results with “standard” foregrounds only. The third
column shows the χ2r improvement after adding the Bubbles. The fourth column shows improvements
after adding the BF DM model only (no Bubbles). The last column shows improvements in the most
general case of the Bubbles and DM considered together.
ν χ2r with CMB,
mono/dipole, f-f,
synchr., dust
∆χ2r after
addition of the
Bubbles
∆χ2r after
addition of the
BF DM model
∆χ2r after addition of
the Bubbles and BF
DM model
23 37.4 -15.9 -15.4 -17.8
28 21.4 -6.35 -5.42 -6.86
33 10.0 -3.13 -2.67 -3.47
41 2.23 -0.475 -0.363 -0.533
44 3.31 -0.343 -0.219 -0.379
61 0.563 -0.023 -0.013 -0.023
70 2.29 -0.078 -0.007 -0.077
Gl. 11.0 -3.75 -3.44 -4.16
Bubbles and/or DM substantially improve the fit, with respect to the case in which only
standard foregrounds are included. The respective fit qualities for various setups are shown
in Table 4, with fits to each individual frequency and all frequencies together reported. If
only standard foregrounds are considered, the fit is very poor. The lowest frequencies show
the largest residuals, hence they likely contain the largest contribution from the Haze. Above
40 GHz, residuals are less pronounced and quite acceptable, with a possible overfitting in the
60 GHz channel where the foregrounds are typically at their minimum. When adding the
Bubbles template, we see a very significant improvement at low frequencies. Similarly, when
adding only DM, there is an improvement is the fit. The value of |∆χ2r | is slightly less than
in the Bubbles-only case, but quite comparable. When allowing for both Bubbles and DM
in the fit, χ2r reduces by almost a factor of two; however remaining quite large (since naively
we expect it to take the value of one in the case of a good fit).
In Fig. 6 we show maps of the relative residuals r(ν, b, l)/[d(ν, b, l) − md(ν, b, l)] with
r(ν, b, l) and d(ν, b, l) defined as in Eq. 6.1 and md(ν, b, l) the fitted mono/dipole. The top row
of Fig. 6 shows the frequency dependence of the residuals with neither DM nor the Bubbles
in the fit. At 23 GHz the Haze is very clearly visible, reaching up to about 50% of the total
sky intensity at peak points. Note the vertically-elongated Haze morphology (which would
be absorbed by the Bubbles template) slightly bent to the right relative to zero longitude
(which visually matches the shape derived in [31]). The Haze becomes less prominent with
frequency, and is almost absent at 70 GHz. This spectral trend agrees well with that in
Table 4, which shows that χ2r reaches considerably lower values at higher frequencies, even
if only standard foregrounds are considered. Moreover, looking at the top left panel, it is
clear that the Haze tends to have rather irregular morphology with sharp edges, which seems
more consistent with the Bubbles origin rather than smooth DM emission (e.g., Fig. 1). The
bottom row shows the residuals at the lowest and most relevant frequency for the cases of
DM only, DM+Bubbles WF and DM+Bubbles BF. We can see that the addition of DM
alone reduces residuals somewhat. Adding both the Bubbles and DM further improves the
results, almost entirely absorbing the Haze. There is, however, essentially no difference in
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Figure 6. Residuals resulting from our component separation procedure in units of the total measured
sky intensity. The top row shows the residuals at different frequencies without introducing either the
Bubbles or DM template. We can see a clear excess in this case at low frequencies. The bottom row
shows residuals at 23 GHz with DM only and Bubbles+DM. Adding DM improves residuals slightly,
while adding both the Bubbles and DM improves the residuals much more. At the same time the
difference between the BF and WF configurations is almost absent. More details are in §6.3.
the DM BF and WF cases, which is consistent with our previous finding that the χ2r differs
very little for these two models.
The computation of the fitting coefficients ai(ν) also allows us to evaluate the average
intensity of each component within the ROI and its frequency dependence, as well as the
components’ relative amplitudes. This is reported in Fig. 7 for the BF DM model. Other
models did not show significant qualitative differences. Hence, for simplicity, in what follows
we focus on the BF case. At essentially all frequencies, there is a hierarchy in intensity
(from higher to lower): synchrotron, dust, Bubbles, free-free and DM. The CMB fluctuations
average is negative in our ROI, and its absolute value grows from a subdominant 2.9% at
23 GHz up to a significant 61% at 70 GHz, which reflects the black-body spectrum and the
overall foreground frequency dependence. DM has the smallest contribution at all frequencies,
ranging from 2.2% to 0.27%. The synchrotron dominates at almost all frequencies, decreasing
from 61% to 51%. Also we see that we reproduced well the canonically-expected (e.g., [30])
synchrotron spectral index I ∼ ν−1.1. The dust spectrum is not monotonic; it contributes
29% at 23 GHz. The free-free contributes 2.7% and matches quite well the expected slope
I ∼ ν−0.15 (e.g., [76]). The Bubbles contribution is relatively flat in frequency and equal to
5-9%. Our Bubbles spectrum agrees very well with I ∼ ν−0.56 derived in [30].
We also compare our foreground component intensities with those derived in [30], for
the frequency where the Haze is most pronounced. For this exercise, we considered the ROI
used in [30] and shown in Fig. 2 (left panel). This comparison is shown in Table 5. While
all standard astrophysical components have similar derived properties in both that work and
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Table 5. The breakdowns of the Galactic components (in % of the total non-CMB emission) at 23
GHz in the ROI (Fig. 2, left) obtained in our work (BF case) and by the Planck team in [30]. More
details are in §6.3.
Component Planck team Our work
Synchrotron 43 56
Dust 30 26
Free-free 4 3.1
Haze (DM+Bubbles) 23 12
Figure 7. Spectra of all physical components (and their sum) for the BF DM configuration. Error
bars correspond to statistical 68% CL. The data reported here have monopole and dipole subtracted,
and the noise does not exceed the marker size used. Solid lines are results of this work, dashed lines
are power-law spectra typically expected for the components considered. More details are in §6.3.
ours, the Haze component in this work is about a factor of two smaller. This might be due
to the mono/dipole removal strategy described above and/or to the modeling of the Haze
which receives contributions from both Bubbles and DM in our work. Lastly, note that the
sum of all components is well within the 3σ error bars on the data in all channels.
We also investigate the model dependence of the Bubbles and DM contributions. In Ta-
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Table 6. Variation ranges and mean of the contributions for all our DM/MF/propagation models.
The last row shows the residuals normalized to data. More details are in §6.3 and §6.4.
Parameter 23 GHz 70 GHz
Range/mean of Haze contribution to the data, % [7.2-10]/7.8 [8.7-10]/9.2
Range/mean of DM contribution to the data, % [0.43-6.3]/1.7 [0.0043-4.7]/0.59
Range/mean of DM contribution to the Haze, % [5.5-62]/21 [0.047-45]/6.5
Range/mean of the residuals, % [1.7-2.1]/2.0 [7.7-9.1]/8.6
ble 6 we report the mean and variation ranges of the contributions of all DM/MF/propagation
models at 23 and 70 GHz. The Haze contribution does not significantly fluctuate from model
to model. At 23 GHz its amplitude is well above systematics due to model variations, whereas
at higher frequencies it is of the same order of magnitude as the residuals. The mean flux
of the Haze represents 7.8% of the total sky emission compared to the best-fit amplitude of
7.2%. DM contributes a significant part of the Haze at 23 GHz: 21% on average (30% in
the BF case). Because DM spectra usually fall off with frequency faster than the Bubbles
spectrum, the DM contribution to the Haze decreases with frequency.
Note that in Table 6 we also quote the range and mean of the residuals normalized to
the data, which can give an indication of the systematic uncertainties (error bars in Fig. 7
reflect statistical errors only). Systematic uncertainties may be due to inaccuracy in the
templates, the foreground modeling error introduced by our component separation setup,
as well as residual systematics in the WMAP and Planck data (e.g., calibration and map-
making). Studying these in detail is beyond the scope of our work, however note that they
are below 10% of the sky signal at all frequencies.
Statistical uncertainties in Fig. 7 rarely exceed a few percent. The largest uncertainties
are at high frequencies for the Bubbles and free-free component. Given the low map noise,
our component separation strategy yields quite narrow N-dimensional likelihoods (N=29) for
all parameters. Fig. 8 shows some examples of the marginalized likelihoods, for some compo-
nents’ amplitudes. The distributions are typically symmetric but not necessarily Gaussian,
and the dispersion is below a few percent. Two of the bottom panels also show the 2D
marginalized confidence regions for the most correlated pairs of components in the BF case.
Thus, we see that the largest correlation is observed between the DM and Bubbles ampli-
tudes at 23 GHz with the correlation coefficient R = 0.70 (defined in the standard way as
the covariance divided by the square root of the product of the variances). This degeneracy
between DM and the Bubbles is likely caused by similarity in the templates. The second
largest correlation, with R = 0.65, is seen between the dust and synchrotron at 70 GHz.
6.4 DM implications
Table 6 shows that the derived DM contribution to the data, considering all DM/MF/propagation
models, is small: at 23 GHz the mean contribution is 1.7% and the BF model 2.2%. This is at
the level of the residuals at 23 GHz, implying no robust detection of DM. The signal-to-noise
ratio does not improve at higher frequencies because the DM emission is less pronounced
and the noise increases. Some models show a 6% contribution of DM to the data at 23GHz,
which is well above the residuals. However, this is also not a highly significant detection, and
the global fit is, in general, poor with χ2r ' 7 for all models.
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Figure 8. Examples of the marginalized 1D and 2D likelihoods for the components mentioned on
each plot. The green regions show 68% confidence intervals while the blue regions 95%. 1D likelihoods
are shown for both the BF and WF cases. 2D confidence regions are shown for the pairs of most
correlated component intensities in the BF case. More details are in §6.3.
We now examine correlations between the fit quality and DM parameters. For example,
one may naively expect a preference for a specific DM spectral slope by the data. The DM
spectral slope β (defined as I ∼ νβ) varies over a wide range −5.0 < β < −1.1 for all
models. The best fitting models have β ≈ −2.7, which is much smaller than that of both the
Bubbles and synchrotron (for which we find fitted values of −0.44 ± 0.05 and −1.17 ± 0.01
respectively). However, β is not linked unambiguously to any single DM/MF/propagation
parameter. Looking at more physical parameters, one can see the following correlations. The
fit quality mainly depends on the MF/propagation model, it depends significantly on WIMP
mass, and is almost insensitive to the annihilation channel and profile slope γ. The smallest
χ2r typically corresponds to the strongest MF (B(0, 0) = 100 µG) with medium to high
vertical extent (zB = 2.7, 6.9 kpc), strong diffusion models MAX and Reacc (see Table 1),
and intermediate WIMP masses around 19 GeV. Instead, the worst fits are observed for low
zB = 1.7-2.0 kpc, MED and Reacc diffusion, and low WIMP masses around 7 GeV. These
general trends should not be considered in a strict sense. Particularly, one may notice that
the same WIMP mass 7 GeV serves for both BF and WF models (Table 3), which suggests
only a weak correlation with mass. The correlation with MF/propagation configuration is
stronger, and this has a quite straightforward interpretation. Comparing the BF and WF DM
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maps in Fig. 5 two main differences are apparent: the BF map has a steeper brightness profile
and a vertically elongated morphology instead of the horizontal morphology observed in the
WF. The vertical elongation can be naturally explained by a strong and highly extended MF
with the parameters mentioned above. The reason for such a preference by the fit could be
related to the degeneracy between DM and the Bubbles: the BF DM template looks much
more similar to the Bubbles template than the WF template.
Fig. 9 presents our main result: the best-fitting WIMP annihilation cross sections and
masses for various DM/MF/propagation models. As for the more conservative constraints
(Fig. 4), 〈σv〉 values vary over an order of magnitude for different MF/propagation models,
with the τ+τ− channel showing less of a spread than bb¯ does. Indeed, the MF/propagation
model uncertainties significantly exceed the statistical ones. The BF 〈σv〉 values reside close
to the canonical cross section 3 · 10−26 cm3/s, especially for τ+τ− channel. It is interesting
to compare the constraints in the 〈σv〉 − mχ plane with those required to fit the GC
gamma-ray excess, also reported in Fig. 9. In most cases we see no intersections between
the allowed regions determined by gamma-ray data analysis and our BF values. A small
intersection is visible only in the case χχ → bb¯, γ = 1.1. On one hand, very optimistic
MF/propagation models with B(0, 0) = 100 µG would be required in this case. On the
other hand, the green rectangles reflect just 68% CL regions, which strengthen the potential
overlap. Thus, we can conclude that for realistic parameter configurations our fit of the
microwave data with DM does not prefer similar DM parameters as the gamma-ray data fits
[9–11, 38], but rather favors higher cross section values (by a factor ∼ (2 − 7)) for similar
masses and annihilation channels. However, in case of a push of both the gamma-ray fit and
MF/propagation parameters towards an optimistic side, one can reconcile the DM parameters
in the case χχ→ bb¯, γ = 1.1.
Finally, comparing DM best-fit values resulting from the component separation and the
more conservative constraints derived in §5 (Fig. 9 vs. Fig. 4), it is apparent that foreground
cleaning may improve the sensitivity of a DM search by a factor of 10-100. However, as was
already mentioned in §5, any component separation procedure yields results whose validity
depends on the foreground and signal modeling.
7 Discussion and conclusions
In this paper, we addressed the DM implications of the WMAP-Planck Haze in the context of
models that could explain the GC gamma-ray excess. We investigated whether the microwave
observations are compatible with a DM contribution to the Haze emission, derived constraints
on DM particle parameters, and compared them to those needed to fit the GC gamma-ray
excess.
We modeled the synchrotron emission in the microwave portion of the electromagnetic
spectrum due to DM annihilation, making various assumptions about the DM density distri-
bution, the DM particle model, as well as the MF and CR propagation models. DM emission
intensity sky maps for various DM/MF/propagation models were created and compared with
the data at seven WMAP-Planck frequencies. To test the consistency of the DM models with
the data, we adopted two approaches. First we adopted a conservative approach which only
considered CMB fluctuations and DM as contributing to the total sky intensity, while second
we attempted to separate all the emission components including a potential DM signal using
template fitting. The first approach yields relatively weak, but very robust DM constraints
(see Fig. 4).
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Figure 9. (preceding page) DM constraints derived at 95% CL resulting from our component
separation procedure for various DM/MF/propagation models. Limiting cross section values are
indistinguishable from the BF ones at this line resolution. The red dashed horizontal line indicates
the thermal relic cross section 〈σv〉 = 3·10−26 cm3/s. In addition to the best-fit curves we also present
here DM parameter regions (same as in Fig. 4) needed to fit the GC gamma-ray excess. We see again
that our constraints mainly do not contradict them. See more details in §6.4.
The second one probes much lower cross sections, with the best-fit cross-sections reach-
ing the thermal relic expectation 〈σv〉 = 3 · 10−26 cm3/s (see Fig. 9), however this approach
is more dependent on the details of the modeling and the results are less straightforward to
interpret due to degeneracies between DM and other model components.
We summarize our results as follows:
• The (weak) upper limits obtained with the conservative approach are compatible with
both the thermal cross section and the signal regions of DM models that fit the gamma-
ray excess that have been determined in other works.
• In the component separation analysis, the overall quality of our fits is poor, indicating
that we lack sufficient understanding of foregrounds, or that template fitting is a too
simplistic procedure for explaining the observed signal in the sky area under consider-
ation.
• Adding additional components that produce emission at tens of degrees around the
GC to the standard astrophysical foregrounds and CMB considerably improves the fit.
Thus we confirm the clear presence of the Haze: a microwave excess not explained by
the CMB, (spinning) dust, free-free, and synchrotron emission, which contributes (7.2-
10)% of the intensity at 23 GHz and (8.7-10)% at 70 GHz in our selected sky region near
the GC. We also derive the Haze spectrum (here represented by the sum of the DM and
Bubbles components), obtaining I ∼ ν−0.84±0.04. This is somewhat different from the
slope of -0.56 reported in [30]. However, this is not a completely equivalent comparison
due to the presence of the DM template in our Haze fit. Our derived Haze spectrum
significantly differs from that of the usual synchrotron (I ∼ ν−1.17±0.01), which suggests
the Haze originates from a population of electrons distinct from typical Galactic CR
electrons.
• We considered two possible origins of the Haze in constructing our templates: i) DM
annihilation and ii) a counterpart of the Fermi Bubbles. We showed that the data do
not have a strong preference for either of these two components when considered sep-
arately; they provide comparable fit qualities with a mild preference towards the Bub-
bles. However, inclusion of both templates together provides a better fit than adding
either template individually. Thus, both emission mechanisms can be contributing to
the Haze. In this scenario, DM constitutes (5.5-62)% (on average 21%) of the Haze
emission and (0.43-6.3)% (on average 1.7%) of the total emission at 23 GHz. The DM
spectrum, as derived from our modeling of the DM emission, is generally steeper than
the Bubbles fit-inferred spectrum. The amplitude of the latter exceeds that of the DM,
especially at high frequencies.
• Given the overall poor quality of the fits, it is not possible to confidently attribute any
of the emission to a DM model, nor to single out a particular DM model as the one
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preferred by the data. In general the data show a mild preference for a strong MF that
is extended above the plane. This kind of MF generates DM emission with a vertically
elongated morphology that is aligned with the Bubbles observed in gamma rays.
• For realistic MF/propagation parameter values, the best-fit cross sections as determined
by the component separation procedure are a factor ≈(2-7) higher than those favored
to explain the GC gamma-ray excess, and are in tension with other constraints from
indirect DM searches (e.g., [4]). Note, however, that in the case of χχ→ bb¯, γ = 1.1 an
agreement between microwave and gamma-ray fits exists for optimistic MF/propagation
configurations.
Looking forward, although multi-frequency studies clearly offer complementary informa-
tion to that from indirect searches in gamma rays, to make these searches competitive it will
be necessary to better understand the various non-DM contributions to the total microwave
emission. This could be pursued by considering other component separation strategies and
an optimization of the ROI.
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